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Abstract 
 
Evans, Elena G., M. S., Spring 2011         Geosciences 
 
Temporal and Spatial Variation of Fine Sediment Infiltration in a Gravel-Bed River 
 
Committee Chair: Dr. Andrew Wilcox 
 
Pulses of fine sediment in gravel-bedded rivers can cause extensive fine sediment infiltration 
(FSI), potentially altering river morphodynamics and aquatic ecosystems. FSI occurs when sand 
and silt are deposited into void spaces between larger grains at the riverbed. Flume and 
theoretical modeling provide a background for a conceptual model of FSI in natural systems. In 
this model, FSI will occur to a limited depth as a function of the relative grain size of bed 
sediment to infiltrating sediment. At a larger scale, fine sediment supply, feed rate and local flow 
dynamics also dictate the extent of FSI.  In 2008, the Milltown Dam near Missoula, MT was 
removed as part of a Superfund remediation action and released contaminated sediment 
downstream. I used bulk sampling, freeze cores, infiltration bags and a suspended sediment 
water bottle to collect samples for metal analysis and comparison with USGS data. The analysis 
of these metal concentrations indicates that the sediment associated with the dam removal, 
identified by the highest metal concentrations, is not found in the bed of the field site 14 km 
downstream. Pore space through the reach was either full when the dam removal sediment pulse 
fluxed through the field site or the substrate has been reworked. Fine sediment fractions from 
bulk samples are lowest in riffles, have intermediate values in main channel and complex flow 
areas and the highest fractions in backwater areas. At depth and across depositional settings, fine 
sediment has multi-year residence times. My work suggests that because the timing and spatial 
variability of substrate reworking strongly influence fine sediment content in river beds, 
understanding of such factors is essential to remediation efforts concerned with fine sediment 
infiltration.  
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1. Introduction 
1.1 Fine Sediment Infiltration 
Fine-grained sediment infiltration can degrade habitat for macroinvertebrates, salmonids, and 
other aquatic organisms (Richards and Bacon, 1994) by reducing intragravel flow, decreasing 
oxygen available to salmonid embryos and inhibiting oxygen exchange across embryo 
membranes (Greig et al., 2005; Suttle et al., 2004). In gravel-bed rivers there is usually a wide 
range of grain sizes of sediment in transport. Larger grains on the bed of the river can create 
interstitial space (pore space) where smaller-grained sediment can deposit. Depending upon the 
mixture of sediment, there are different porosities or amounts of pore space (Standish and 
Borger, 1979). Fine sediment infiltration (FSI) occurs when fine-grained sediment (< 2mm) is 
deposited into the pore space of a gravel matrix. Kleinhans and Van Rijn (2002) call this process 
unimpeded static percolation.  
 
In one of the first FSI experiments, Einstein (1968) used a recirculating flume to feed fine quartz 
(0.0035 to 0.03 mm) into clean gravel and found fine sediment first settles at the bottom of the 
flume and then fills the pore space above. Beschta and Jackson (1979) used 0.2-0.5mm sand in a 
gravel bed composed of 4.5-50 mm gravel. In this study, fine sediment only infiltrated to a depth 
approximately twice the diameter of the largest bed material.  Diplas and Parker (1985) 
conducted a similar experiment holding the bed matrix size constant and varying the fine 
sediment size. Samples of bed material following runs with 0.2-mm sand feed had almost double 
the sand than the runs using 0.5-mm sand. Gibson et al. (2009), investigating the control of grain 
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size on the vertical distribution of infiltrated fine sediment, describe grain size distributions in 
terms of separate gravel and fine sediment components, where Dpercent finer than describes the size 
distribution for gravel and dpercent finer than describes the fine sediment. They found that the ratio 
D15/d85 accurately characterizes the trapping efficiency of gravel. These sizes were chosen 
because at this grain size ratio the larger fine grains can get caught in the smaller gravel and 
block further infiltration from occurring. Gibson’s study found that when grain size ratios (Dx/dx) 
were 10 to 6, samples created a seal, cutting off most deeper infiltration. When ratios were 15 to 
4, FSI occurred to depths similar to the Einstein (1968) experiment. Characterizing the average 
grain size and the distribution of grain sizes can provide insight into the porosity of the substrate 
(Sulaiman et al., 2007). The larger grains are, the more space there is for smaller grains, but if 
there is a wide range of grain sizes present they can fit into the pore space, leaving less room for 
FSI (Fig. 1).  
 
Figure 1. Conceptual diagram of the role average grain size and standard deviation play in determining available pore 
space. If grain size distributions are similar, the distribution with the larger the average grain size will have more pore 
space.  
Together these studies indicate that the relative size of the gravel and the infiltrating sediment 
dictate the pore size and the extent of infiltration.  
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To quantify the relative effects of grain size on FSI, Cui et al. (2008) analyzed fine sediment 
content from flume studies by Wooster et al. (2008). They used governing equations derived 
from mass conservation as well as the assumption that FSI and deposition at depth is constant or 
increases with greater fine sediment fractions.  This work builds on a study by Sakthivadivel and 
Einstein (1970) but corrects the assumption in the earlier model that intragravel flow remains 
constant. The Cui/Wooster model found that FSI is “negatively correlated to the standard 
deviation of particle diameters within the gravel deposit” and decreases with depth.  
 
Leonardson (2010) refined Wooster’s model by incorporating different equations for the fine 
structures resulting from and affecting FSI. Larger infiltrating grains can get lodged near the 
surface of the bed, blocking available interstitial space below and impeding further infiltration. 
This structure has been called a bridge in some studies but for this study is a seal. FSI is also 
affected by the piling of sand on top of gravel grains where particle packing largely determines 
accommodation of fines. Leonardson created a new model with a variable trapping coefficient to 
better predict fine sediment fraction when grain size is 7 <(D15/d85)<14. This incorporates a 
particle-packing relationship adopted from Ridgway and Tarbuck (1968) and develops an 
infiltration model that calculates subsurface flow in the upper pore spaces. Therefore, the highest 
fine sediment fraction due to infiltration in a clean bed is determined by the relative grain sizes  
of matrix sediments compared to the fine-grained sediments and is limited by depth.  
 
Relative grain sizes dictate FSI and these are controlled by sediment in the substrate and 
sediment supply. Diplas and Parker (1985) found that fine sediment saturation, infiltration of all 
pore space, eventually occurs if fine sediment is available in the water column, regardless of 
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concentration. Wooster et al. (2008) conducted three flume runs with each feed rate of fine 
sediment ten times greater than the previous run. The highest sand feed rate produced less sand 
infiltration than the other two runs, which were comparable. The sand input also created different 
widths of active sand transport that coincided with the location of infiltration. Portions of the 
flume in contact with the active transport belt became saturated with fines first. Flume studies 
find fine sediment will infiltrate if present in the water column to a limited depth dependent upon 
feed rate (Wooster et al., 2008). These flume studies find fine sediment infiltration will occur 
within the constraints of flume studies but cautioned that sediment routing may be particularly 
important in complex natural settings.  
 
The transport of sediment can alter the order in which different sized grains arrive to open pore 
space. Gibson et al. (2009) explained the fining of interstitial sand as a function overlapping 
processes: granular sorting, bedload sorting and hydraulic sorting. Similar to the theoretical 
models, granular sorting is a function of finer grains depositing deeper in the substrate. Bedload 
sorting separates grain size in the wake of the leading bed form as smaller grains saltate further. 
Hydraulic sorting occurs because smaller grains can be transported as suspended sediment and 
travel further downstream, filling interstitial space downstream before bedload arrives. This 
experiment also found higher shear stress led to greater transport of larger grains allowing seals 
to form more quickly, sealing off underlying pore space from FSI. Shear stress can also alter the 
availability of pore space. Allan and Frostick (1999) found that dilation of matrix sediment 
occurs at shear stresses just before entrainment of framework material. Dilation allows greater 
and deeper infiltration of sediment. Winnowing of fine sediment from upper layers of the 
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substrate can also create pore space. Sorting mechanisms determine FSI by altering the grain size 
distributions of fine sediment in transport and available pore space.  
 
Field studies are necessary to confirm flume studies and conceptual models within the context of 
natural systems. Frostick et al. (1984) conducted the first field study of FSI, hypothesizing that 
subsurface to surface grain size distributions were important. However, this can also be 
described as a function of particle diameter variation in the context of the 
Cui/Wooster/Leonardson equations. Frostick et al. (1984) further found that FSI was high in 
areas of high velocity whereas Carling and McCahon (1987a) found slack waters had high rates 
of FSI. Sear (1993) investigated the relationship between FSI and shear stress, finding a negative 
correlation for suspended sediments and no relationship for bedload. Lisle (1989) conducted a 
comprehensive field study of FSI in three rivers using infiltration cans and freeze cores in 
conjunction with suspended and bedload transport measurements. The study found intragravel 
flow contributed on average 6-8% of infiltrated sediment and fewer fines were deposited in riffle 
crests, perhaps due to elevated winnowing as a result of increased turbulence. By comparing 
sediment deposited from suspension and from bedload, Lisle (1989) found sediment settling 
from suspension does not account for most of the infiltrated sediment. Rather, grain sizes are 
usually smaller and can deposit deeper than the bedload-transported larger sediment. The finest 
sediment transported as bedload was the most common infiltrated grain size.  Mean bankfull 
shear stress was calculated with bedload particles and exceeded threshold shear stress but could 
not account for the variability in infiltration. The field studies described above support flume and 
theoretical models of FSI but additional studies of natural systems are needed to account for the 
large variability of FSI and feedbacks between infiltration and local flow dynamics.  
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The conceptual model of FSI that I have developed, based on synthesis of the literature, is that 
the depth and volume of infiltration is dependent upon the relative size of the gravel substrate to 
the infiltrating fine sediment, fine sediment supply and local hydraulics (Fig. 2).  
 
 
 
Figure 2: Conceptual model of fine sediment infiltration. Fine sediment must be in transport and can only infiltrate if 
pore space is available. The structure of infiltration depends upon the relative size of substrate and fine sediment. High 
shear stress can cause reworking of the bed.  
1.2 Sediment Transport 
Channel features alter sediment routing and deposition through the introduction of roughness 
elements, formation of secondary flow and partitioning of flow. In-channel features cause flow 
deviation from streamlines. These small perturbations in the flow can grow into vortices and 
turbulent eddies. Through the winnowing of fines by turbulence in eddies, larger particles are 
preferentially deposited as fine sediment is transported away (Clifford et al., 1993). Turbulent 
eddies can propagate downstream, dissipating primary flow and increasing the effect of 
preferential deposition. This effect is called eddy viscosity (Dingman, 2009) and depends upon 
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the mixing length and velocity gradient (Prandtl, 1925). Roughness elements cause secondary 
flow by creating turbulence.  
 
Curvature of streamlines by meander bends or islands also introduce secondary flow.  In straight 
channels, velocity gradients decrease when encountering roughness elements, with the fastest 
flow at the surface in the middle of the channel. Islands and bars cause streamlines to curve, 
which changes velocity gradients. Curvature causes centrifugal force to carry the faster surface 
velocity closer to the bend. The slower moving surface velocities on the inside of the bend 
results in helicoidal circulation and superelevation or tilting of water elevation (Dietrich et al., 
1979). This circulation contributes to erosion on the outside of the bend and deposition on the 
inside curve.  Pressure gradients induced by superelevation cause lower shear stress on the inside 
of the curve and deposition of fine sediment (Bridge and Lunt, 2006). Fine sediment has a larger 
surface area to mass ratio and will not be deflected down slope as directly as coarser grains 
(Paola, 1989).  Streamline curvature causes preferential deposition of fine sediment on the inside 
of curves with cross channel slope dictating the deposition of larger grains. Patches of differing 
grain size may cause further preferential deposition of like grain sizes (Bluck, 1987) and could 
result in the formation of stable bedforms (Kleinhans, 2010). 
 
Islands are similar to meander bends because flow diverges around either side of the island 
creating curved streamlines on both sides. Flow shoals onto the upstream end of the island, 
depositing larger grain sizes that maintain momentum and avoid deflection into the diverging 
flow paths. Secondary circulation cells are created on both sides of the island. These flow 
structures cause grain size partitioning on both sides of the island. Areas of high velocity on 
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either side of the channel accelerate and converge at the downstream boundary. The transverse 
slope caused by growth of the bar allows particles on these slopes to be more readily entrained 
(Parker, et al., 2003; Vollmer and Kleinhans, 2007). 
 
In multi-thread channels, topographic steering of flow and sediment is further dictated by 
channel confluence and bifurcation. The hydraulic and sediment routing downstream from a 
confluence depends upon the channel planform geometry and relative velocity and discharge of 
channels (Ashmore and Gardner, 2008). The geometry of the channels dictates the angle at 
which flows merge and the resulting turbulence and shear that are created. Scour pools can 
develop at the convergence if the angle between the channels is greater than 15 degrees, the 
channels are sufficiently deep and sediment delivery is low (Mosley, 1976). If one channel is 
smaller than the other, the larger channel could prograde into the scour pool (Ashmore, 1982). 
The river downstream of the confluence axis will shift to be aligned more closely with the larger 
channel.  
 
Even in straight reaches, topographic highs and lows in the form of riffles and pools can evolve. 
Riffles are generally shallower, have a higher velocity, more turbulence and coarser grain sizes. 
Pools are deeper, have lower velocities and finer grain sizes relative to riffles. These forms could 
be caused by a meandering thalweg that causes convergent and divergent flow patterns (Keller, 
1972). Channel constrictions at the pool head cause recirculating eddies (Thompson et al., 1996) 
Sediment routing through pools is largely driven by these eddies as sediment is steered away 
from the deepest part of the pools. Portions of multi-thread channels may contain pool-riffle 
units (Ashmore and Gardner, 2008) 
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Multi-thread channels often have many in channel features that can alter local hydraulics and 
create secondary flow. The partitioning of flow and sediment routing results in preferential 
deposition of grain sizes (Kleinhans, 2010). Sediment entrainment and settling rates are largely 
dictated by grain size and velocity. Fine sediment is most sensitive to flow separation and may 
result in higher rates of FSI. Gravel bedded rivers often entrain greater sediment size 
distributions, and flow separation may dictate areas of increased FSI. 
 
Bed morphology and sediment transport dynamics can also be altered by fine-grained sediment 
infiltration (Lisle and Hilton, 1999; Dietrich et al., 1989). FSI can smooth the bed, which could 
decrease bed mobility by limiting protrusion and reducing the friction angle of particles 
(Kirchner et al., 1990) or alternatively increase mobility by increasing near-bed velocities (Ikeda, 
1984). Downstream fining and relative sizes dictate which sediment sizes are pore-filling versus 
bed structure load (Frings et al., 2008). 
 
Changes in bed mobility induced by infiltration could alter the residence time of the substrate; 
when gravel is more difficult to entrain, the bed is less likely to be reworked and residence time 
of substrate increases (Venditti et al., 2010). Therefore, accommodation of fines is also related to 
the rate of supply, with substrate mobility further dictating residence time of infiltrated fines. 
 
Flume and field studies provide a conceptual model of FSI but do not provide sufficient data at 
appropriate spatial and temporal scales in natural systems to guide restoration and mitigation 
efforts. The removal of the Milltown Dam in western Montana in 2008 provided an opportunity 
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for a large-scale field experiment. The removal resulted in a fine-grained, contaminated sediment 
pulse, enabling investigation of FSI in a complex, natural stream network. 
 
1.3 Metal Contaminants in Fluvial Systems 
Fingerprinting of sediments can provide the origin of sediments and in some instances timing, 
providing further control in field studies. Different properties have been used to identify origin or 
source. The effectiveness of these properties is enhanced with the use of mixing models (Shankar 
et al., 1994; Walden et al., 1997) and analysis of variance (Walling and Woodward, 1995). The 
fingerprinting of sediment has been used to identify surface versus subsurface sources 
(Gruszowski et al., 2003). This technique can also be used to associate surface soils with 
different land use practices (Wallbrink et al., 2003; Slattery et al., 2002). On a catchment scale, 
fingerprinting has been used to determine tributary of origin (Collins et al., 1996; 1997). Ashley 
et al. (2006) assessed an array of contaminants prior to and following a dam removal. They 
found the removal of the small dam did not result in significant change in the distribution of 
contaminants but noted this result is site specific. Characteristics of fine sediment have been used 
to identify sources of origin in order to proactively reduce the siltation of gravel beds (Bluck, 
1987; Walling et al., 2003).  
 
Fluvial systems have long been impacted by mining operations (Salomons, 1995). Direct runoff 
from mine sites and reworking of tailings piles introduce metal-contaminated sediment to fluvial 
systems. Geomorphic processes then distribute metal-contaminated sediment downstream, 
depositing these sediments in the bed, on the banks and on the floodplains as a function of 
sediment size, mixing processes and hydraulic conditions (Horowitz, 1984). Fine-grained 
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sediments have a greater surface area to volume ratio and usually have higher metal 
concentrations, although metals can accumulate on larger grain surfaces (Foster and 
Charlesworth, 1996).   
 
Sediment transport processes in river systems have a large role in the dispersal, storage and 
remobilization of metal contaminants. More than 90% of metal contaminants in river systems are 
transported as a function of geomorphic processes in particulate-associated form (Martin and 
Meybeck, 1979). If most metal contaminants are transported as particulates, the temporal and 
spatial dynamics of river systems dictate metal contaminant dispersion.  
 
1.4 Clark Fork River and Milltown Dam History 
Mining began in Butte in 1864 and smelters were built in 1919. Since then, mining and smelting 
operations have introduced metal-contaminated sediment into the Clark Fork River (Moore and 
Luoma, 1990). The Milltown dam was first built in 1907 below the confluence of the Blackfoot 
River (BFR) and Clark Fork Rivers (CFR) with an upstream drainage area of 15,700 km2. In 
1908, a 300-500 year flood washed down the Clark Fork and deposited millions of cubic meters 
of sediment behind the new dam. The sediment included mine tailings from upstream. The 
inclusion of these metal contaminated sediments created a metal signature unique to the 
Milltown reservoir.  Key elements within this metal signature are arsenic, copper, lead and zinc 
concentrations within the reservoir which are all above background levels (Johns and Moore, 
1985; Andrews, 1987; Moore et al., 1988). Reservoir sediments are primarily fine-grained 
coarsening upstream to cobble in the Blackfoot arm (BFA) (Envirocon, 2004) and to fine gravel 
in the Clark Fork arm (CFA) (Titan, 1995). Elevated levels of trace metals in the water and 
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sediment in the CFA and upstream led to its designation as an extended National Priority 
Superfund Site in 1983 (U.S. Environmental Protection Agency, 2004). Ice jams in 1996 
released contaminated sediment downstream and caused further concern about the structural 
integrity of the dam (Moore and Landrigan, 1999). In 2004, the U.S. Environmental Protection 
Agency determined the removal of the Milltown Dam would be one of the remediation activities.  
 
In 2006, the reservoir was drawn down 3.7 m and construction of a bypass channel through the 
lower half of the CFA began. The most contaminated sediment in the reservoir was mechanically 
removed and shipped away by rail. While contaminated sediment was being removed, the Clark 
Fork River was routed through a bypass channel. Erosion of the BFA and upper CFA was still 
anticipated with most of the sediment coming from the uncontaminated BFA.  
 
On March 28, 2008, the cofferdam was breached. The BFA incised quickly, releasing 
uncontaminated sediment downstream. The response of the CFA lagged due to the hardening of 
the bypass channel that anchored the Clark Fork River in place. Upstream of the hardened 
channel, the upper reservoir channel widened during the 2008 peak flows (Wilcox et al., 2009). 
 
USGS conducted intensive suspended sediment and water sampling in an effort to monitor the 
effects of remediation actions (Lambing et al., 2009). Sampling was conducted upstream of the 
reservoir at the USGS gage Clark Fork at Turah Bridge, near Bonner (12334550) in the CFA and 
in the BFA at the USGS gage Blackfoot River near Bonner (12340000). Subtracting the inputs to 
the reservoir from the discharge found at the downstream gage, the USGS gage Clark Fork above 
Missoula (12340500), allowed calculation of estimated daily cumulative loads of suspended 
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sediments and arsenic (As), cadmium (Cd), copper (Cu), iron (Fe), lead (Pb), and zinc (Zn) 
(Lambing and Sando, 2009). In addition to these long-term gages, a supplemental gage, Clark 
Fork Bypass near Bonner, Mont. (12334570), was monitored during 2008. The post breach 
suspended sediment load was 22 times greater than pre-breach sediment loads; 142 metric tons 
of Cu, 20.4 metric tons of Pb and 222 metric tons of zinc eroded from the reservoir in 2008. 
These net losses were 2 to 4 times greater than the metal losses in 2007 when the reservoir was 
drawn down (Lambing et al., 2009).  
 
Field based topographic studies of the BFA found channel adjustment and incision occurred 
quickly. Peak erosion in the BFA occurred shortly after the peak in the hydrograph releasing 
150,000 m3 in the first year following the dam removal (Epstein, 2009). Initial bedload samples 
out of the reservoir were primarily (>90%) sand and smaller.  Fine-grained sediment dominated 
bedload transport until halfway through the rising limb of 2009 hydrograph (Johnsen, 2011). 
There are peaks in sediment load that correspond with each peak in discharge but the peak in 
metal load associated with the dam removal in 2008 has a uniquely higher flux of both sediment 
and metal load downstream (Fig. 3).  
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Figure 3.The Clark Fork Above Missoula MT Gage 12340500 arsenic and lead load (A), copper and zinc load (B), 
sediment load and discharge (C) for the four years following the initial drawdown of Milltown reservoir in preparation 
for the Milltown dam removal. Suspended sediment loads indicate a distinct sediment pulse in 2008 with suspended 
sediment loads almost an order of magnitude lower in 2010. 
1.5 Field site 
The field area for this study is a 1 km reach of the Clark Fork River, MT, referred to hereafter as 
the Tower Street reach, located 16 km downstream of the former site of the Milltown Dam in an 
anastomosing, multi-thread reach of the river (Fig. 4). In the 14 km downstream of the Milltown 
dam site, the Clark Fork River has a high transport capacity and is single thread with a 
longitudinal slope of 0.0015. Upstream of the Tower Street reach, the channel becomes multi-
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thread, which could impact sediment transport dynamics. Within the Tower Street reach the 
slope is 0.0021, and there are three distinct channels and two islands. Two channels converge 
asymmetrically. Just upstream of the convergence, a portion of the main channel diverges 
through a riffle. In the secondary channel, the flow bifurcates around an island just upstream of 
the confluence creating riffles on either side of the island and a backwater pool behind the island. 
Flow from the main channel and the secondary channels converge downstream from the two 
islands just upstream of the larger channel convergence, creating a complex flow environment.  
 
Following the dam removal, significant deposition of sediment was observed in the Tower Street 
reach in side channels, flood plains, bars and banks. Preliminary metal analyses suggest sediment 
from the CFA of the reservoir deposited on the banks and floodplains of the field site on top of 
an inferred pre-dam removal surface. The subaerial deposit above the CFA sediment is relatively 
uncontaminated and may be BFA sediment (Orsic, In Progress).  
 
Figure 4. Location map showing field site within the multi-thread Tower Street  Reach and the site of the Milltown Dam. 
Right hand inset map shows location of larger map in Montana. Left hand inset map is a close up of the fieldsite, which is 
shown in detail in Figure 5.  
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Drawing upon the conceptual model of infiltration described above and using contaminated 
sediment to fingerprint sediment timing and origin of infiltration, this study investigates the 
following hypotheses: 
 
1) Infiltrated sediment in the bed of the study reach originated from the sediment pulse 
produced by the removal of the Milltown dam.  
2) FSI varies by depositional setting and is highest in recirculation zones associated with 
bifurcations and confluences in multi-thread channels. 
3) Once fines have infiltrated, fine sediment in the substrate has multi-year residence 
times.  
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2. Methods 
Methods include bulk sampling, freeze cores, infiltration bags, suspended sediment water bottles, 
analysis of USGS metal concentration data and metal analysis. Field methods were subjectively 
distributed across different depositional environments (Fig. 5). This study focuses on areas of 
lower transport capacity such as side channels and back eddies where there is more sediment 
deposition. Grouping samples by qualitative assessments of depositional setting allows for 
generalization about FSI by depositional setting. Main channel samples are located in lower 
transport capacity areas at base flow but high transport areas during peak flow. Secondary 
channel samples are subject to different flow and sediment routing and located in low transport 
areas of the secondary channel. Areas of flow divergence and convergence are grouped under 
complex flow because these areas change over the course of the hydrograph. Islands and the 
increase in width in the channel at the fieldsite provide areas where velocity slows, creating 
backwater areas where I collected samples. Riffle samples are located in fast, shallow water.  
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Figure 5. Sample location map. The letters next to each sample number are given to characterize primary depositional 
setting. Methods are described in the table in the upper third of the figure. 
2.1 Tracer Rocks 
Seven kilograms of small (~4mm) red gravel and 18 kilograms of large (~16-32) fluorescently 
painted gravel were placed in the main channel and in the riffle adjacent to the main channel 
prior to runoff. The high visibility of these rocks provided for a qualitative investigation of bed 
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mobility. The movements of these rocks complement the infiltration bag installation in 
determining which parts of the bed were mobile over the course of the study.  
2.2 Bulk Sampling 
Bulk sampling was used to characterize the grain size distribution of the substrate, including the 
fine sediment fraction and the variation in grain size of larger substrate, which dictates the pore 
space available to infiltration. Bulk samples were collected with a McNeil sampler (Shirazi and 
Seim, 1981; McNeil and Ahnell, 1964) to a depth of ~20 to 40 cm. The McNeil sampler is 
worked into the substrate until the base of the basin is level with the bed. Grains that are at least 
50% enclosed in the McNeil are scooped by hand over the lip of the McNeil and into the basin 
within the sampler creating a circular pit approximately 26 cm wide and 15 cm deep. When the 
sample is collected, a lid is placed on top of the inner opening and the McNeil is removed. Two 
of these samples are taken within one meter of each other to constitute one sample.  Sample 
weights have ranged from 21 to 32 kg.  
 
Bulk samples were sieved for grain size distributions with a Ro-Tap at half-phi intervals (64 to 
.063 millimeters, 4 to -6 phi) to determine size distributions, D50, and geometric mean and 
standard deviation. I used grain size distribution data to estimate porosity and available pore 
space using an equation developed by Wooster et al., (2008): , where 
 is the porosity of sediment based upon the standard deviation  of the sediment’s grain size 
distribution from the bulk samples. This equation was derived from porosity measurements of 
sediments that were subsequently sieved for grain size distributions. Using a direct water 
saturation method after Bear (1972), Wooster et al. (2008) measured the pore space of 35 
! 
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samples, finding a range of 0.25 to 0.55. The samples were sieved for grain size distributions and 
the standard deviation of these samples ranged between 1.2 and 3.06.  The authors caution the 
equation is derived from specific flume sediments. Wooster et al. (2008) further stated that the 
applicability of this equation to natural systems is unknown. With this in mind, I applied this 
relationship to the field site. I calculated pore space using the geometric standard deviation of the 
grain size distributions.  
 
Another issue with bulk samples in the field site is the ability of a few large particles to skew the 
distributions. A review of sample sizes by Church et al. (1987a) suggested that the largest clast 
constitute 0.1% of the sample. Sampling in this way in the field site would alter the bed enough 
to drive localized deposition, obscuring FSI variation across depositional settings. Adams and 
Beschta (1980) found that excluding rocks larger than 51mm led to less variance in percentages 
of fine sediment within a riffle. For this reason, I also looked at truncated grain size distributions 
where grains larger than 64 mm, 32 mm and 16 mm are removed and distributions calculated.  
2.3 Freeze Cores 
Freeze cores were used to acquire samples for metal analysis to investigate the depth and 
stratigraphy of infiltration. Thirteen freeze core samples were collected in 2010. A tri-axial 
freeze corer was used following the method of (Everest et al., 1980). To collect a sample, the 
triaxial freeze core sample poles were pounded as deep as possible (30 to 60 cm) into the 
substrate, and liquid nitrogen was inserted to freeze sediment to the pole of the injection rods 
(Fig. 6). The sample was removed using a tripod and come-along. Sample lengths varied 
between 30 and 70 cm. Sections were scooped into bags at 10 cm intervals as the sample melted. 
Fine sediment was then analyzed for metal content as described below.  
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Figure 6. Photo of freeze core equipment in place. To collect the sample, pressurized nitrogen from the nitrogen tank was 
inserted into the injection rods. The nitrogen cooled the water surrounding the poles, freezing the sample to the poles. The 
tripod and come-along, hanging over the nitrogen injection rods, were then used to remove the sample from the bed. 
2.4 Infiltration Bags 
Thirteen infiltration bags were installed and nine were recovered. Infiltration bags created a void 
for fines infiltration (Lisle and Eads, 1991) and were installed to compare infiltration across 
depositional settings. Spatially distributing these bags enabled investigation of infiltration of void 
space and variation across depositional settings. 
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Figure 7. Infiltration bag diagram. The bed is excavated to remove fine sediment. The infiltration bag is installed and 
large sediment is backfilled on top of the infiltration bag. After time has elapsed, the infiltration bag is removed, 
capturing the sediment that has infiltrated since installation.  
 
To install infiltration bags, a bulk sample was collected with the McNeil Sampler leaving a 
circular excavation pit. After the sample was removed, the McNeil was left in place to maintain 
the pit while the sample was field sieved. During field sieving fines (< 2mm) were removed and 
bagged. Larger grains were returned to a bucket and mixed. An infiltration bag was placed, 
collapsed, within the excavation pit (Fig. 7). Ropes were pinned onto the lip of the McNeil 
sampler, as coarse grains were poured over the collapsed bag in the excavation pit. The McNeil 
sampler was removed and ropes floated above the excavation site. Bags were spatially 
distributed by depositional setting in the main channel, side channels, riffles, and pools (Fig. 5).   
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2.5 Suspended Sediment in Transport 
To collect suspended sediment in transport through the study site, two 1000 mL Nalgene bottles 
were connected with zip ties to 2m poles that were pounded into the bed of the river. Each bottle 
was affixed with a lid containing a plastic elbow that funneled a small portion of the flow (~3 
mm3) into the bottle where sediment settled out of suspension and water exited through another 
hole on the top of the bottle.  In this manner, samples from the bottle capture sediment in 
transport for metal analysis over the course of the hydrograph. Three poles with a total of six 
bottles were installed but only one bottle was recovered.  
2.6 Metal Discharge 
Metal flux for sediment and water out of the reservoir has been monitored at the USGS Clark 
Fork above Missoula Gage 12340500 throughout remediation efforts. Parameters measured 
include dissolved and recoverable metal concentrations for metals of interest, suspended 
sediment, discharge and the percent of suspended sediment smaller than 0.063mm. Subtracting 
the metal concentration in the water from the total metal concentration provides the metal 
concentration in the sediment fraction. When this measurement is combined with the suspended 
sediment discharge, the sediment load for a particular metal can be calculated. The metal 
discharge and sediment flux for peak flows was used to constrain the timing of the metal 
signature found from field methods downstream.   
 
2.7 Metal Methods and Quality Assurance/Quality Control 
Seventy-six samples were analyzed for As, Cu, Pb and Zn. Nine samples came from infiltration 
bags. One sample came from a water bottle that collected suspended sediment samples over the 
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course of the 2010 water year. Thirteen freeze cores were collected. Freeze cores were sampled 
at 10 cm intervals to provide a stratigraphic analysis of FSI and these comprised most of the 
samples (62/76).  
 
Fine sediment (<2mm) from bulk, freeze core, infiltration bag and suspended sediment samples 
was analyzed for metal content using Inductively Coupled Argon Plasma Optical Emission 
Spectrometry (ICP-OES) at the University of Montana (UM) Environmental Biogeochemistry 
Lab (EBL) using standard operating procedures (SOP). Samples were oven dried for 24 hours 
and thoroughly mixed. A portion of each sample was ground using a ball mill in a zircon vial. 
0.4 g of sample was then acid digested using a modification of EPA Method 3050B (U.S. 
Environmental Protection Agency, 1996) during which all elements of interest in metals 
contaminated sediment are dissolved in solution. Elements in solution include those absorbed to 
mineral surfaces, tied to organic compounds and within metal oxides, hydroxides and sulfides.  
 
 SOP include the use of blanks, duplicates and spikes for quality assurance and quality control 
methods in order to determine instrument bias and precision. All blanks were less than .1 mg/L 
(n=11). Method duplicates (n=4) and lab duplicates (n=10) tested within 10% error. Average 
laboratory duplicates (n=10) measured to nominal concentrations were As 5.7%, Cu 1.9%, Pb 
2.0% and Zn 2.3%. The Standard Reference Material (SRM) 2710 (Montana Soil) used to test 
accuracy had a low bias. (NIST, 2002). The laboratory spike recovery was 100% for As, 105% 
for Cu, 92% for PB and 91% for Zn. Average method spike to nominal concentrations was 4.6% 
for As, 6.2% for Cu, 7.2% for Pb and 4.8% for Zn.
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3. Results  
3.1 Grain size distributions  
The average geometric mean for all bulk samples was 36 mm with an average geometric 
standard deviation of 4.1. In general, larger geometric mean grain sizes occurred in samples from 
the main channel (Fig. 8 A). Riffles had lower geometric standard deviations and backwater 
areas had higher geometric standard deviations (Fig. 8B). Smaller geometric mean grain sizes 
tended to have smaller standard deviations but there was no linear relationship (Fig. 8A,B).  
 
Fine sediment fractions of truncated bulk samples were also calculated for each sample and 
averaged by depositional setting (Table 1)(Fig 9). Backwater areas had the highest fine sediment 
fraction and riffles had the lowest fine sediment fraction.  Main channel and complex flow had 
intermediate fine sediment fractions.  
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Figure 8. Location of bulk samples and associated average geometric mean grain size and standard deviation of grain size. 
There is symmetry within the plot because porosity is derived according to the Wooster et al. equation based upon 
standard deviation.  
Table 1. Fine sediment fraction (<2mm) for each depositional area. Bulk samples were truncated at 64, 32 and 16 mm 
because larger grains may skew grain size distributions obscuring relative fine sediment fractions.  
Truncation Backwater Main Riffle Complex 
16 mm 39 28 15 24 
32 mm 17 18 8 12 
64mm 10 7 4 6 
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Figure 9.  Grain size distributions grouped by depositional settings when bulk samples were truncated at 16, 32 and 64mm and the larger grain sizes removed. The lines 
are the grain sizes for each individual sample and these samples are grouped by setting according to Figure 5. Additional sampling sites not identified in Figure 5 are 
included here.
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3.2 Metal Concentration Results from Field Samples 
As a whole, the freeze core samples averaged lower metal concentrations than infiltration bags 
and the water bottle sample. Mean metal concentrations increased from freeze core samples to 
infiltration bags with the water bottle consistently reporting the highest metal concentrations 
(Fig. 10).  
 
 
Figure 10. Metal concentrations averaged by collection method. The box represents the 25th to 75th percentile with 
whiskers identifying the 5th to 95th percentile. The gray line is the average and the red line is the median. The water bottle 
collected sediment in suspension while the infiltration bags collected sediment deposited on the bed of the river during the 
2010 year. Freeze core samples were collected at depth and are not constrained in time.  
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Multiple sample collection methods captured fine sediment at varying temporal scales. The water 
bottle and infiltration bags were only in place during the 2010 hydrograph and capture fine 
sediment that was in transport (bottle) or depositing (bags) only during this timeframe. 
Alternatively, freeze core and bulk samples collect sediment that must have been deposited at 
some unconstrained time prior to sampling (Table 2).  
Table 2. Average metal concentration (mg/kg) in sampled sediments, number of samples and time constraint on sample 
grouped by sample method. The sample methods with an indefinite sample time period, bulk and freeze core have similar 
average metal concentrations. Water year (WY) 2010 samples have higher average metal concentrations and represent 
sediment in transport or deposited during 2010. 
Averages As Cu Pb Zn Sample # Sample Time 
Total Average 8.39 102 18.1 230 76  
Std Dev 4.65 99.0 12.0 88.9   
Bulk 8.51 70.0 13.8 216 4 Indefinite 
Std Dev 14.5 145 14.4 182   
Freeze Core 7.34 81.0 16.7 211 62 Indefinite 
Std Dev 1.80 30.0 10.8 60.0   
Infiltration Bag 13.3 214 25.2 323 9 WY 2010 
Std Dev 9.30 198 16.2 154   
Waterbottle * 33 337 42 535 1 WY 2010 
 
 
Freeze core averages varied by sample and within each sample by depth (Fig. 11). Metal 
concentrations also differed due to transport and the specific dispersive and transport 
characteristics of each metal. Freeze cores are grouped by depositional setting and demarked by 
dashed lines in Figure 11. The metals concentration data shown in Figure 11 do not show 
patterns by depositional setting. 
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Figure 11. Box includes 25th to 75th percentile with gray line indicating average and red line showing the median. Small sample size eliminated use of whiskers.  Freeze 
core boxplots are then grouped by depositional setting demonstrating the array both within samples and depositional settings. 
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Freeze core samples give metal concentrations at 10 cm intervals, providing stratigraphic 
comparison of infiltrated fine-grained sediment at depth (Fig. 12, 13). The freeze core samples 
were grouped by depositional area to determine if depositional area is a primary factor regulating 
the deposition of fine-grained sediment during a sediment pulse (Fig. 12, 13). The backwater 
areas do not share a common metal concentration stratigraphy. The riffle areas associated with 
the secondary channel as it flows around an island (15-R, 10-R) have a distinct peak in metal 
concentration 10-20 cm deep. The complex flow samples (6-C, 2-C, 4-C) do not have distinctive 
patterns but vary at depth. The main channel samples (7-M, 3-M) have slightly lower metal 
concentrations than the secondary channel sample (11-S). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12. Freeze core metal concentration profiles grouped by depositional setting.  Each line represents the metal 
concentration as it varies at depth in the substrate. Riffles and complex flow areas have more variation at depth.
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Figure 13.  Freeze core metal concentration profiles grouped by depositional setting.  Each line represents the metal 
concentration as it varies at depth in the substrate. Riffles and complex flow areas have more variation at depth.
 
33 
4. Discussion 
My hypotheses were: 1) Infiltrated sediment in the bed of the study reach originated from the 
sediment pulse produced by the removal of the Milltown dam. 2) FSI varies by depositional 
setting and is highest in recirculation zones associated with bifurcations and confluences in 
multi-thread channels. 3) Once fines have infiltrated, fine sediment in the substrate has multi-
year residence times.  
 
To assess whether infiltrated sediment in the bed came from the sediment pulse (hypothesis 1), 
the temporal sensitivity of the methods and analysis is important. Equally influential is the 
timing of the transport of metal-contaminated sediment out of Milltown reservoir. The presence 
of metal contaminated sediment with the As, Cu, Pb and Zn metal signature from the reservoir 
on the floodplain and downstream, based on other University of Montana testing, indicates that 
reservoir sediment moved through the field site. If the sediment deposited on the banks and 
floodplains was in the bed, similar metal concentrations should be found. Instead, elevated metal 
concentrations are absent from the substrate samples in the study. Since the sediment moved 
through the field site, the lack of signal must be a function of sorting, dilution of metal-
contaminated sediment with uncontaminated sediment from upstream or deposition of metal 
contaminated sediment with subsequent reworking.  
 
The timing of sediment transport is critical to understanding the role sorting, dilution and 
reworking have on sediment deposition.  Metal concentrations are higher in reservoir sediments 
than upstream sediments transported through the reservoir.  In order to use the metal 
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concentrations of the samples to identify the timing of infiltration, the metal concentrations and 
the variability of these concentrations over time need to be distinguished. As base flows did not 
contribute much to the transport of contaminated material to the field site, these will be ignored. 
Instead, I focus on periods of metal load discharge as measured at the Clark Fork above Missoula 
Gage (#1234500). To simplify the discussion, the time since remediation began in 2006, can be 
partitioned into four stages comprised of high discharge, sediment and metal flux, and 
correspond to the annual peak flows in 2007, 2008, 2009 and 2010 (Fig. 14). For the remainder 
of the discussion the year will be used to refer to the peak flows and time associated with peak 
flow during that year. Concentrations for As, Cu, Pb, and Zn tended to follow the same trend 
(Fig. 3) but for the discussion I will use copper as the example (Fig. 14). 2007 encompasses the 
flushing of fine sediments associated with the initial, 3.7-m drawdown the previous summer. 
Peak copper load out of the reservoir occurred in 2008 and is almost an order of magnitude 
larger than 2007 (Fig. 14). Aside from 2008, the sediment and metal loads have similar 
relationships to discharge both before and after the dam removal. For 2010, there are only three 
USGS metal analyses with which to calculate sediment load. A comparison of peak discharges of 
copper and water in 2007 (1,609 kg/day and 237 cms respectively) versus 2010 (836 kg/day and 
217 cms respectively), demonstrates metal load at similar discharges is much lower for 2010 
(Table 3). This suggests that less erosion of reservoir sediment and therefore introduction of 
contaminated sediment occurred in 2010. The comparison further suggests that 2010 did not 
contribute much metal contaminated sediment compared with 2007, 2008 and 2009.   
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Table 3. Stages of metals transport out of Milltown Reservoir, date ranges considered, highest copper loads and 
associated discharge. Figure 14 further depicts the range in copper loads over the course of each stage.  
Beginning Date End Date Highest Cu Load 
(Kg/Day) 
Associated Discharge 
(cms) 
Apr 23, 2007 Jun 20, 2007 1600 237 
Mar 28, 2008 Jun 24, 2008 11000 419 
Apr 14, 2009 Jun 24, 2009 2900 436 
May 20, 2010 Jun 16, 2010 840 219 
 
Figure 14. Plot of discharge, copper load and the duration of time the methods sample. I simplify this duration of time by 
demarking the periods of high discharge and metal load out of the reservoir as measured at USGS Above Missoula Gage 
12340500. Each high metal load is named as a sequential stage. Metals of interest have different concentrations but 
generally follow the same trend. Copper and Zinc concentrations scale similarly, and are used to represent the metal load 
of all metals of interest out of the reservoir. 
2010 is when field implementations occurred, but low peak discharge and sediment load during 
this stage relative to 2008 and 2009 (Fig. 14) suggest that less sediment was contributed to FSI in 
the field site during this time. Field evidence also suggests the bed was not reworked to the depth 
where the infiltration bags were installed as most of the infiltration bags installed in the bed of 
the river were recovered. The painted rocks on the bed of the river, however, were displaced. The 
substrate was reworked during 2010 flows but not at great depth. Differentiating between 
sediment out of the reservoir during 2009 and 2010 is not possible with USGS data due to the 
small number of metal load samples during 2010. For these reasons, I will continue the 
 
36 
discussion of metal concentrations with the interpretation that 2010 contributed little if any to the 
FSI and metal concentrations of samples in the field site and this sediment would be confined to 
the upper more mobile area of the bed.  
 
If I compare metal concentrations from field samples to the USGS metal concentrations of 2007, 
2008 and 2009, I find the field sample concentrations are within the lower bounds of 2007 and 
2009. All of the samples I collected have lower concentrations than the median metal 
concentrations for 2008. Thus, as a whole the sediments in the field site do not reflect the large 
sediment pulse in 2008 that occurred following the dam breach. According to the conceptual 
model, I interpret this to indicate that pore space was not available when the 2008 sediment was 
transported through the field site. Alternatively, the substrate may have been reworked during the 
high flows of 2009, removing any evidence of deposition from 2008.  
 
Figure 15. Box plots of metal concentrations for different time periods and field methods with box representing 25th to 
75th percentile and whiskers 5th to 95th percentile. The red line represents the mean and the gray line represents the 
average concentrations. Freeze core samples (FC) come from different depths and are not as useful in terms of age 
comparison other than that they are generally lower in metal concentrations than the other metals. The water bottle (WB) 
and infiltration bags (IB) which sample sediment deposited during 2010 reflect metal concentrations exiting the reservoir 
during either 2007 or 2009 If 2008 sediments were present in the samples, concentrations would be higher. This 
comparison addresses hypothesis 1 by demonstrating 2008 sediments are not present within the field site.  
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Use of metal analysis to differentiate between samples at a finer resolution than for a comparison 
of years is not possible with the sample concentrations. Fine sediment for the study constitutes 
grains <2mm. Metals sorb to particles with larger surface areas and metal concentration is the 
highest on the smallest grain size fraction (Horowitz, 1984; Andrews 1987; Moore et al., 1989). 
A study of metal contaminated sediment in the Clark Fork River found the highest metal 
concentrations occurred in <300µm sediment but that notable enrichment was also found at 
larger size fractions (Brooke and Moore, 1988). By using the samples defined as fine sediment 
within this study, I was able to identify whether sediment from 2008 had infiltrated in the field 
site. Although samples for each method had similar fine sediment grain size distributions, 
inclusions of the finest fractions in some samples caused higher metal concentrations. Since 
slight differences in the grain size of fines can alter concentration, the ability to draw conclusions 
from the relatively small range of concentrations within the field samples is limited. In order to 
further constrain FSI timing and identify smaller scale patterns with metal concentrations, the 
grain size used for metal analysis would have to be uniform across all samples. In terms of using 
the metal concentrations out of the reservoir, the USGS samples were also collected and 
analyzed without differentiating grain size except for percent smaller than 0.063mm. Comparing 
averages of field samples with average metal concentrations out of the reservoir allows an initial 
comparison. Despite grain size differences if the sediment in the samples originated from the 
reservoir there would be greater overlap (Fig. 15).  
  
Sorting of metal contaminated sediment in transport also likely played a large role in the 
distribution of metal contaminated sediment. Since the smallest sediment has more surface area 
to volume they have the highest concentrations. The smaller grains are also less likely than larger 
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grains to interact with the substrate due to hydraulic sorting and lower settling rates.  Sorting 
could account for the overall lower metal concentrations in the field site.  The location of the 
field site 13km downstream from the USGS-measured concentration of sediment evacuating the 
reservoir makes it difficult to assess the extent sorting had on distribution of metal contaminated 
sediments interacting with the bed despite their presence on the floodplain.  
 
Lack of the reservoir metal signature in the samples does not mean the sediment in the reach is 
unrelated to the dam removal but rather that sediment dynamics involved are more complex than 
the release of sediment and subsequent deposition. The ramifications for remediation efforts are 
that metal contaminated fine sediments are transient in dynamic systems and presence of metal 
contaminated fines on the floodplain is not indicative of substrate composition.  
 
To address hypothesis 2, I use grain size data supplied by bulk samples. Collecting sub-aqueous 
bulk samples was difficult and some fine sediment was lost. Within the sample set, however, the 
amount of fine sediment lost was a similar among all samples. For this reason I can compare the 
fine sediment fraction of the samples, acknowledging that some fines were lost from all samples. 
Riffles had the lowest fine sediment fraction, likely due to winnowing. Backwater samples had 
the highest fine sediment fraction but this may be due to deposition of lenses of fine sediment or 
other deposition that is not specifically FSI. Complex flow samples are a combination of 
processes so it is reasonable for the fine sediment fraction to reflect a combination of backwater 
and riffle fine sediment fractions. The similarity between complex and main channel fine 
sediment fractions likely reflects the location of the main channel samples, which are not in the 
middle of the channel. The fine sediment fraction in these samples is probably due to deposition 
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of finer material on the falling limb of the hydrograph. Most field studies of FSI have 
investigated only the riffle reaches because of the importance of these depositional areas for fish 
spawning (e.g., Lisle, 1989). The trend in fine sediment fraction seen in the study suggests that 
for a geomorphically comprehensive understanding of FSI beyond habitat importance, all 
depositional areas must be studied.  
 
Another way to evaluate fine sediment fraction and identify whether FSI has already occurred 
would be a comparison of the porosity of the bed (e.g., using Equation 1). The range in porosity 
for the study was smaller, perhaps due to the larger ranges in standard deviation (Table 3). 
Higher standard deviation would be expected due to the larger overall grain size and large 
natural field setting compared to that of a flume experiment. Another possibility, however, is that 
FSI has occurred. FSI will create a greater range in the standard deviation of grain sizes because 
pores created by the large grains are now filled with smaller grains.   
Table 4. Comparison of selected grain size metrics used in Wooster et al. 2008 and this study.  
 Geometric 
Mean 
Standard 
Deviation 
Pore     
Space 
 Low High Low  High Low High 
Montana Study 17.0 51.8 2.25 8.14 0.16 0.36 
Wooster et al. 4.2 17.2 1.17 1.90 0.25 0.55 
 
Further testing is needed but porosity measurements from grain size distributions could be an 
important way to expand the use of the Wooster equation in terms of predicting porosity in 
natural settings and to further differentiate how depositional setting affects FSI.  
 
The large variation I found within depositional settings support Lisle’s (1989) finding that 
transport mode, local hydraulics and channel change affect FSI at short spatial scales. The 
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change from single channel to multi-thread above the field site alters channel competence and 
affects the transport mode of sediment, especially at different points in the hydrograph. The 
degree of variation within depositional settings highlights the sensitivity of FSI to transport 
mode, local hydraulics and channel change. Hydraulic modeling would provide further insights 
here, as discussed in Appendix C. 
 
Hypothesis (3) anticipates that infiltrated sediment has multi-year residence times. The similarity 
between the metal concentrations of 2007 and 2009 make it difficult to use these metal 
concentrations to differentiate between sediment from these stages. To assess this hypothesis 
qualitatively, I can think about deposition rates in the system.  Riffle, complex, main and 
secondary channel depositional areas of the bed are often reworked at high flows. Backwater 
areas and eddies are usually not subject to scour even under high flows and are primarily 
depositional. Even within these depositional areas, 2008 sediments are absent. If I look at depth, 
the longest freeze core collected sediment from a depth of 70 cm. Erosion and reworking of 
larger gravel would have to occur to a depth of 70cm in order for this sediment to reflect only 
sediment deposited during 2009. This suggests that sediment at depth within this sample was 
emplaced prior to the dam removal. Multidimensional flow modeling would provide predictions 
of which areas of the bed were reworked under different discharges (Appendix C).  
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5. Conclusions 
Although seen on the floodplains and banks, the high metal concentrations associated with the 
2008 sediment pulse from the dam removal were not seen in the bed of the river within the field 
site. The goal was to examine FSI resulting from a sediment pulse of metal contaminated 
sediments. The metal signature from the contaminated arm of the reservoir is for the most part 
unseen in the bed at the field site indicating pore space was unavailable in the bed when the 
contaminated sediment was transported through the reach or has since been reworked. Grain size 
distributions from bulk sampling indicate higher fine sediment fractions occur in backwater areas 
with the lowest fine sediment fractions in riffles. Most field studies have focused upon riffles 
because of the importance to fish habitat. The study indicates riffles have the lowest fine 
sediment fraction. This implies FSI, especially that from fine sediment pulses, may have a larger 
role in shaping the geomorphology in other depositional areas. At depth and across depositional 
settings, fine sediment has multi-year residence times although duration may be strongly 
dependent upon discharge. Implications for remediation efforts are that fine sediment deposition 
on the banks and floodplains does not mean the substrate has been impacted, especially if pore 
space is already full or has been subject to reworking. 
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Figure 16-A. The locations of samples are identified above. Locations used for samples in the main body of the thesis are 
marked with a number and letter. Additional bulk sample locations names begin with an A.
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Table 6-A. Grain size distribution of sediment. Weight is in kilograms. 
 
Sample name A-7 2-C 4-C A-8 6-C A-6 1-M 
  Complex Other 
>64 4.42 10.13 7.94 9.33 5.01 5.01 7.7 
>45 7.79 3.44 1.72 5.13 2.06 2.06 7.63 
>32 5.53 2.69 2.55 2.8 1.32 1.32 1.96 
>22.4 2.07 1.6 2.38 1.51 1.2 1.2 1.03 
>16 0.94 1.21 1.39 0.9 0.94 0.94 0.82 
>11.2 0.59 1.08 1.01 0.79 0.93 0.93 0.75 
>8 0.25 0.97 0.79 0.54 0.52 0.52 0.58 
>5.6 0.08 0.56 0.64 0.4 0.32 0.32 0.42 
>4 0.03 0.26 0.44 0.28 0.18 0.18 0.27 
>2.8 0.03 0.18 0.37 0.23 0.11 0.11 0.23 
>2 0.02 0.11 0.27 0.17 0.05 0.05 0.18 
>1.4 0.02 0.07 0.21 0.14 0.02 0.02 0.14 
>1 0.02 0.04 0.15 0.1 0.01 0.01 0.13 
>0.7 0.04 0.02 0.1 0.08 0.01 0.01 0.12 
>0.5 0.18 0.03 0.14 0.14 0.02 0.02 0.2 
>0.35 0.69 0.09 0.14 0.3 0.04 0.04 0.33 
>0.25 0.31 0.09 0.1 0.24 0.04 0.04 0.21 
>0.125 0.3 0.08 0.09 0.22 0.04 0.04 0.17 
>.062 0.07 0.02 0.02 0.06 0.01 0.01 0.07 
<.062 0.03 0.01 0.01 0.02 0.01 0.01 0.05 
Total 23.42 22.65 20.45 23.38 12.83 12.83 22.99 
 
*All samples are bulk samples unless signified by a depth, for example 10-20, which indicates freeze core or by IB, infiltration bag.  
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Table 7-A. Grain size distribution of sediment in smaller samples from infiltration bags and portions of freeze cores. Weight is in kilogram 
 
Sample 
name 
16-B IB 10-R IB 15-R 0-10 1-M IB 15-R IB 12-S IB 15-R 21-
30 
15-R 31-
40 
15-R 11-
20 
10-R 40 10-R 30 15-R IB 
>64 0.00 0.00 0.00 0.77 2.51 0.00 0.64 1.91 0.63 2.56 0.00 0.00 
>45 1.03 1.02 0.00 0.30 0.38 0.77 0.14 0.22 0.16 0.00 0.00 0.02 
>32 0.06 0.00 0.20 0.13 0.00 0.45 0.30 0.49 0.19 0.00 0.11 0.02 
>22.4 0.07 0.16 0.01 0.21 0.13 0.06 0.37 0.36 0.12 0.00 0.11 0.05 
>16 0.01 0.14 0.01 0.04 0.11 0.04 0.23 0.19 0.07 0.00 0.06 0.06 
>11.2 0.06 0.18 0.01 0.10 0.13 0.03 0.14 0.12 0.02 0.03 0.05 0.04 
>8 0.06 0.10 0.01 0.03 0.04 0.01 0.10 0.09 0.02 0.01 0.04 0.06 
>5.6 0.04 0.09 0.02 0.02 0.02 0.01 0.06 0.09 0.02 0.00 0.03 0.04 
>4 0.03 0.07 0.01 0.02 0.01 0.01 0.03 0.04 0.01 0.00 0.02 0.02 
>2.8 0.01 0.03 0.01 0.00 0.00 0.01 0.03 0.03 0.01 0.00 0.01 0.01 
>2 0.01 0.01 0.01 0.00 0.00 0.00 0.03 0.02 0.01 0.00 0.01 0.00 
>1.4 0.01 0.01 0.00 0.00 0.00 0.00 0.03 0.03 0.01 0.00 0.03 0.00 
>1 0.01 0.01 0.00 0.00 0.00 0.00 0.02 0.04 0.01 0.00 0.00 0.00 
>0.7 0.00 0.01 0.00 0.00 0.00 0.00 0.02 0.05 0.01 0.00 0.00 0.00 
>0.5 0.04 0.02 0.00 0.00 0.06 0.02 0.05 0.17 0.02 0.01 0.48 0.00 
>0.35 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
>0.25 0.05 0.02 0.00 0.01 0.07 0.03 0.01 0.02 0.00 0.01 0.14 0.01 
>0.125 0.03 0.02 0.00 0.02 0.10 0.03 0.01 0.01 0.00 0.01 0.20 0.01 
>.062 0.01 0.01 0.00 0.01 0.04 0.01 0.00 0.00 0.00 0.00 0.09 0.00 
<.062 0.00 0.01 0.00 0.00 0.02 0.00 0.00 0.01 0.00 0.00 0.04 0.00 
Total 1.53 1.90 0.29 1.66 3.60 1.47 2.22 3.89 1.31 2.63 1.42 0.71 
 
 
*All samples are bulk samples unless signified by a depth, for example 10-20, which indicates freeze core or by IB, infiltration bag.  
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Table 8-A. Grain size distribution of sediment in infiltration bags. Weight is in kilograms. 
 
Sample name 10-R IB 8-R IB 5-M IB 16-B IB 1-M IB 11-S IB 7-M IB 
>64 1.74 1.16 0.69 0.00 0.63 1.22 0.98 
>45 0.00 0.00 0.73 0.85 0.99 0.47 0.00 
>32 0.19 0.22 0.29 0.35 0.00 0.27 0.15 
>22.4 0.21 0.14 0.08 0.44 0.07 0.03 0.11 
>16 0.05 0.06 0.09 0.14 0.00 0.09 0.04 
>11.2 0.04 0.03 0.04 0.04 0.00 0.05 0.04 
>8 0.02 0.02 0.03 0.05 0.00 0.04 0.04 
>5.6 0.03 0.02 0.02 0.02 0.00 0.03 0.02 
>4 0.02 0.01 0.01 0.02 0.00 0.02 0.02 
>2.8 0.01 0.00 0.00 0.01 0.00 0.00 0.00 
>2 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
>1.4 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
>1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
>0.7 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
>0.5 0.00 0.01 0.00 0.01 0.00 0.00 0.00 
>0.35 0.00 0.00 0.00 0.02 0.00 0.00 0.00 
>0.25 0.00 0.00 0.00 0.03 0.00 0.00 0.00 
>0.125 0.00 0.00 0.00 0.03 0.00 0.00 0.00 
>.062 0.00 0.00 0.00 0.01 0.00 0.00 0.00 
<.062 0.00 0.00 0.00 0.01 0.00 0.00 0.00 
Total 2.35 1.68 1.99 2.03 1.70 2.22 1.41 
*All samples are bulk samples unless signified by a depth, for example 10-20, which indicates freeze core or by IB, infiltration bag.  
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Table 9-A Geometric mean grain size, standard deviation of the grain size distribution, and porosity of the sample 
(calculated using Equation 1). Location information is in Figure 1.  
 
Bulk Sample  Geometric 
Mean 
Standard 
Deviation 
Calculated 
Pore Space 
A-1 28.0 4.2 0.24 
A-7 30.7 3.7 0.26 
A-4 35.0 2.9 0.31 
A-3 48.6 8.1 0.16 
5-M 48.6 6.0 0.19 
7-M 41.9 6.1 0.19 
A-6 44.7 3.0 0.30 
8-R 51.0 3.7 0.26 
A-6 37.5 4.2 0.24 
A-2 23.3 2.2 0.36 
A-8 36.1 3.8 0.26 
A-5 33.5 2.8 0.31 
1-M 31.3 2.3 0.36 
9-B 19.1 5.0 0.22 
15-R 49.6 3.7 0.26 
10-R 31.0 2.3 0.36 
A-9 17.0 5.8 0.19 
5-M 51.8 4.7 0.23 
16-B 33.1 2.9 0.31 
 
 
Bulk Sample Comparison 
For primary results, bulk and infiltration samples were used (data above). Pebble counts were 
also conducted but not as frequently as bulk samples. To identify sampling bias, I compared 
pebble counts to bulk and infiltration bag grain size data.  
 
Pebble Counts 
Wolman pebble counts will be used to assess surficial grain size distribution (M. G Wolman, 
1954). The counts are conducted by randomly walking in a zig-zag pattern in a patch of the river 
that is qualitatively the same. Every two strides the finger is blindly put directly down to select 
the grain directly under the finger. The intermediate axis, perpendicular to the a-axis, is 
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measured and recorded. One hundred measurements are made providing randomized point 
measurements.  
Sediment Size Distribution Results 
Sediment size distribution was calculated for bulk samples, pebble counts, infiltration bags and 
field sieving. Bulk samples and infiltration bags were dried and sieved. Field sieving was not 
dried before sieving and thus is biased by incorporated water weight and smaller grains sticking 
to larger grains. High uncertainty in the results of field sieving has led to those being excluded 
from grain size distribution results.  
 
 
Figure 17-A. Bulk, infiltration bag and pebble counts were compiled into percent finer tables to identify trends in grain 
size distributions based upon collection method. Results demonstrate general trends captured by all methods.   
 
 
 
 
 56 
 
B. Metal Discharge and Analysis Appendix 
Table 10-B. Data from USGS Above Missoula Gage 1234500 used to calculate metal load out of the Milltown dam 
reservoir. ............................................................................................................................................... 57 
Table 11-B. Sample name and concentrations for metals of interest. ............................................................ 63 
Table 12-B. Laboratory blanks below detection level show samples were not contaminated by lab procedures.
 .............................................................................................................................................................. 65 
Table 13-B. Method blanks show procedures used to prepare sample did not contribute to sample metal 
concentrations. ...................................................................................................................................... 66 
Table 14-B. Continuing calibration verification was used to monitor and maintain calibration of instrumentation 
during sample runs. ............................................................................................................................... 66 
Table 15-B. Statistical summary of CCV. As, Cu and Zn are within the 10% margin of error for mean. One low lead 
sample skews lowers the mean but the median is still within 10%. ..................................................... 67 
Table 16-B. ICP6 is a standard reference material used for calibration. ....................................................... 68 
Table 17-B. Statistical summary of IPC6 concentrations. Mean sample concentration for all metals was within 10%.
 .............................................................................................................................................................. 68 
Table 18-B. NIST2710 is a standard reference material used with contaminated soil samples to test the sensitivity of 
the instrument. ...................................................................................................................................... 69 
Table 19-B. Statistical summary of NIST2710 runs.  Low bias may be due to the age of the standard referene 
material. ................................................................................................................................................ 69 
Table 20-B. Laboratory duplicates are run to assess instrument sensitivity and drift over the course of metal analysis.
 .............................................................................................................................................................. 70 
Table 21-B. Statistical analysis of laboratory duplicates. Duplicates were fairly accurate, all within 10%. . 70 
Table 22-B. Method duplicates ensure that methods do not dictate sample results. ...................................... 70 
Table 23-B. Statistical summary of method duplicates demonstrate that the average duplicate difference was less 
than 10%. .............................................................................................................................................. 71 
Table 24-B. Spikes used to compare the accuracy and sensitivity of metal analysis. ................................... 71 
Table 25-B. Statistical summary of laboratory spikes. Average measured to nominal concentration for lead is low.
 .............................................................................................................................................................. 72 
Table 26-B. Method spikes test sample processing procedures and sensitivity of these methods to higher metal 
concentrations. ...................................................................................................................................... 72 
Table 27-B. Statistical summary of method spikes. ....................................................................................... 72 
 
 
 
 
 
 
 
 
 
 
 57 
Metal Discharge Data 
 
Table 10-B. Data from USGS Above Missoula Gage 1234500 used to calculate metal load out of Milltown dam and reservoir. Samples without metal 
load are included as part of the larger USGS data set.  
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18
7 40.4 
93.5
5 
13.
51 
101.
63 
6/22/
06 
15
:1
5 
404
0 
9.89E
+09                       0               0 0 0 0 
6/26/
06 
14
:0
0 
305
0 
7.46E
+09 3.2 4 1.6 17.7 0.1 1.6 2 19 61 26 214 0.8 31 16.1 619 1.5 58 17 
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34
3 94.4 
875.
41 
16
0.7
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56
4 77.1 
657.
71 
12
6.9
2 
1158
.7 
6/16/
08 
16
:3
0 
108
00 
2.64E
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70
3 
113.
6 
890.
55 
14
4.5
5 
1654
.26 
6/24/
08 
15
:3
0 
105
00 
2.57E
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6.24E
+09                                       0 0 0 0 
10/1/
08 
13
:1
0 
155
0 
3.79E
+09                                       0 0 0 0 
 
 61 
Date 
Ti
m
e 
Dis
cha
rge, 
inst
ant
ane
ous 
cfs 
Disch
arge 
(L/da
y) 
Ar
se
nic
, 
wa
ter 
filt
ere
d 
ug/
L 
Ar
se
nic
, 
wa
ter
, 
un
filt
ere
d, 
ug/
L 
Cop
per, 
wat
er, 
filte
red, 
ug/
L 
Cop
per, 
wat
er, 
unfi
lter
ed, 
reco
ver
able
, 
ug/
L 
Lea
d, 
wat
er, 
filte
red, 
ug/
L 
Lead, 
water, 
unfilte
red, 
recove
rable, 
ug/L 
Zin
c, 
wat
er, 
filte
red, 
ug/
L 
Zin
c, 
wat
er, 
unfi
lter
ed, 
reco
ver
able
, 
ug/
L 
Sus
pen
ded 
sedi
me
nt, 
% 
sm
alle
r 
tha
n 
0.0
63 
mm 
Sus
pen
ded 
sedi
me
nt 
con
cen
trat
ion, 
mg/
L 
Sus
pen
ded 
sedi
men
t 
disc
harg
e, 
tons
/day 
Arse
nic 
Resi
dual 
Sed 
Con
c 
(ug/
L) 
Ar
se
nic 
Se
d 
Co
nc 
(u
g/g
) 
Cop
per 
Resi
dual 
Sed 
Con
c 
(ug/
L) 
Co
ppe
r 
Sed 
Co
nc 
(ug/
g) 
Le
ad 
Re
sid
ua
l 
Se
d 
Co
nc 
(u
g/
L) 
Le
ad 
Se
d 
Co
nc 
(ug
/g) 
Zi
nc 
Re
sid
ua
l 
Se
d 
Co
nc 
(u
g/
L) 
Zi
nc 
Se
d 
Co
nc 
(ug
/g) 
Sed 
As 
Loa
d 
(kg/
day) 
Sed 
Cu 
Loa
d 
(kg/
day) 
Se
d 
Pb 
Lo
ad 
(k
g/
da
y) 
Sed 
Zn 
Loa
d 
(kg/
day) 
10/2
2/08 
11
:4
5 
175
0 
4.28E
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17
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57 
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09 
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2 3.5 79.7 0.1 12.7 8.3 114 77 94 596 9.8 
10
4 76.2 811 
12.
6 
13
4 
10
6 
11
24 56.4 
438.
16 
72.
45 
607.
78 
3/31/
09 
16
:0
0 
224
0 
5.48E
+09 3.9 5.9 2.4 20.7 0.07 3.23 8.1 36.9 68 25 151 2 80 18.3 732 3.2 
12
6 29 
11
52 11 
100.
3 
17.
32 
157.
85 
4/6/0
9 
15
:3
0 
227
0 
5.55E
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1.44E
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51 
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5/26/
09 
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00 
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5/31/
09 
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00 
4.26E
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45   
0.00E
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12/1
4/09 
10
:5
0 
  0.00E+00                                       0 0 0 0 
1/15/
10 
8:
52   
0.00E
+00                                       0 0 0 0 
3/3/1
0 
8:
19   
0.00E
+00                                       0 0 0 0 
3/10/
10 
14
:1
5 
140
0 
3.43E
+09 4.6 5.5 3.8 11.3 0.05 1.66 2.9 15 87 12 45 0.9 75 7.5 625 1.6 
13
4 12 
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08 3.1 
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9 
5.5
2 
41.4
5 
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14
:1
5 
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8:
44   
0.00E
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5 
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13
:3
5 
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0 
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Field Sample Metal Concentration Results 
 
Table 11-B. Sample name and concentrations (mg/kg) for metals of interest.  
 
Sample Name As Cu Pb Zn 
3-B-30-40-FC 9.18 88.8 18.0 246 
Q7-10-20-FC 8.28 58.6 13.4 200 
4-C-0-10-FC 8.78 101 85.9 242 
9-B-0-10-FC 6.05 41.7 10.2 154 
12-S-10-20-FC 11.3 94.4 22.3 287 
15-R-0-10-FC 6.03 79.0 16.7 211 
8-R-0-10-FC 5.33 51.5 9.90 162 
12-S-21-30-FC 10.9 113 20.6 301 
A-5 5.57 49.5 11.9 167 
3-B-50-60-FC 9.11 74.3 13.8 225 
3-B-10-20-FC 4.45 36.0 9.02 147 
7-M-30-40-FC 6.85 54.2 13.9 186 
8-R-20-30-FC 5.41 41.3 8.68 141 
10-R-20-30-FC 6.54 52.0 15.5 149 
4-C-30-40-FC 7.29 48.5 9.86 154 
9-B-20-30-FC 5.05 42.1 10.3 157 
8-R-11-20-FC 7.16 58.7 12.4 168 
4-C-11-20-FC 7.06 62.0 11.1 169 
10-R-10-20-FC 6.63 56.5 12.5 160 
7-M-20-30-FC 7.32 57.0 13.9 188 
12-S-50-60-FC 6.13 45.6 9.38 140 
9-B-10-20-FC 5.63 38.9 10.2 148 
4-C-21-30-FC 6.43 48.6 9.24 143 
10-R-40-45-FC 6.98 44.9 9.89 131 
3-B-0-10-FC 6.11 40.8 11.7 156 
10-R-31-40-FC 7.17 53.4 10.1 141 
14-I-IB 10.9 185 23.5 359 
15-R-31-40-FC 11.3 87.5 14.9 252 
A-2 5.36 45.3 9.72 142 
15-R-IB 10.1 70.7 13.4 226 
15-R-11-21-FC 9.41 70.2 13.7 217 
4-C-40-50-FC 6.65 44.6 10.5 145 
3-B-30-40 8.16 86.7 15.5 229 
16-B-21-30-FC 6.85 101 18.6 311 
16-B-11-20-FC 7.28 72.4 13.9 235 
16-B-31-40-FC 6.96 93.6 16.7 317 
15-R-21-30-FC 9.43 73.0 24.4 231 
16-B-51-60-FC 6.83 96.6 16.9 310 
16-B-0-10-FC 9.45 125 19.8 293 
16-B-41-50-FC 7.40 95.6 16.3 297 
15-R-0-10-FC 8.31 63.7 14.6 229 
13-I-IB 6.71 110 15.6 257 
1-M-IB 9.82 99.3 17.0 248 
8-R-IB 8.33 324 26.1 265 
5-M-IB 10.2 442 44.9 346 
10-R-IB 5.99 114 14.7 168 
 
 65 
Sample Name As Cu Pb Zn 
16-B-IB 12.6 269 25.0 378 
11-S-IB 10.2 314 25.8 319 
12-S-0-10-FC 12.5 115 47.4 322 
12-S-40-50-FC 6.38 52.9 11.0 168 
Waterbottle-TSS 32.8 334 42.0 530 
7-M-0-10-FC 8.14 60.3 12.0 217 
3-B-20-30 5.13 61.0 10.9 166 
12-S-31-40 9.02 71.8 14.8 207 
7-M-IB 16.0 567 52.6 540 
1-M-IB 8.19 58.5 12.7 219 
5-M-20-30 6.42 36.8 11.4 155 
6-C-30-41 8.81 81.2 16.3 217 
6-C-0-10 8.34 119 24.0 267 
11-S-0-10 6.30 61.0 9.81 152 
5-M-10-20 6.20 41.5 11.1 171 
5-M-30-40 6.47 41.3 11.9 169 
11-S-20-31 7.34 45.6 12.1 157 
11-S-30-40 6.87 51.7 17.2 169 
11-S-10-20 6.85 50.4 9.68 154 
5-M-0-10 6.71 44.2 10.9 173 
2-C-50-60 6.19 73.7 15.5 198 
6-C-40-45 7.06 44.9 9.94 163 
2-C-40-50 4.27 69.4 14.4 197 
2-C-60-0 5.38 66.9 15.9 191 
2-C-30-40 3.46 46.7 12.1 154 
6-C-10-20 4.96 43.3 11.7 186 
2-C-20-30 3.98 48.5 11.8 157 
2-C-0-10 6.36 66.7 17.0 288 
6-C-20-30 7.97 96.4 18.9 239 
2-C-10-20 9.00 131 24.7 291 
*The first two components of the name correspond to location names identified in Figure 1 
below. If the sample name only consists of a location, the sample is a bulk sample. If the next 
component of sample name corresponds to a number then it is from a freeze core and the number 
corresponds to the sample depth from the surface. Otherwise samples are infiltration bags and 
designated with an IB. 
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Figure 18-B. Location of samples used in metal analysis.  
Blanks 
 
Laboratory blanks ensure lab processing does not add metal content to samples. All of our 
samples were below detection except for one zinc sample, which was still below instrument 
accuracy.  
 
Table 12-B. Laboratory blanks below detection level show samples were not contaminated by lab procedures.  
 
Laboratory Blanks     
n=10 As Cu Pb Zn 
Sample ID mg/L mg/L mg/L mg/L 
LBlank b.d. b.d. b.d. b.d. 
LBlank b.d. b.d. b.d. b.d. 
LBlank b.d. b.d. b.d. b.d. 
LBlank b.d. b.d. b.d. b.d. 
LBlank b.d. b.d. b.d. b.d. 
LBlank b.d. b.d. b.d. b.d. 
LBlank b.d. b.d. b.d. 0.005 
LBlank b.d. b.d. b.d. b.d. 
LBlank b.d. b.d. b.d. b.d. 
LBlank b.d. b.d. b.d. b.d. 
LBlank b.d. b.d. b.d. b.d. 
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Method blanks are used to assess metal content added by method procedures. Samples for 
arsenic and lead were below detect. Only one copper sample was detectable and still below 
instrument detection levels. Zinc concentrations are naturally higher and more variable in nature 
and are thus more variable within our method blank samples. 
 
Table 13-B. Method blanks show procedures used to prepare sample did not contribute to sample metal concentrations.  
Method Blanks     
n=4 As Cu Pb Zn 
Sample ID mg/L mg/L mg/L mg/L 
MBLANK b.d. 0.009 b.d. 0.085 
MBLANK b.d. b.d. b.d. 0.024 
MBLANK b.d. b.d. b.d. 0.014 
MBLANK b.d. b.d. b.d. 0.025 
 
 
Internal Performance Checks 
 
Internal performance checks are used to maintain calibration of the ICP over the course of 
sample testing. Continuing calibration verification (CCV) and ICP6, a standard calibration 
material were used 15 times over the course of sample analysis and were within the measured 
concentration compared to the nominal concentration were within 10%.  
 
Table 14-B. Continuing calibration verification (CCV) was used to monitor and maintain calibration of instrumentation 
during sample runs.  
 
CCV     
n=15 As Cu Pb Zn 
Sample ID mg/L mg/L mg/L mg/L 
Measured/Nominal 
Concentration (%) 
% % % % 
CCV 103 101 99 97 
CCV 102 106 98 103 
CCV 101 105 96 102 
CCV 100 110 96 108 
CCV 105 103 97 96 
CCV 106 105 96 98 
CCV 104 105 95 96 
CCV 103 106 95 99 
CCV 101 105 93 100 
CCV 98 106 92 105 
CCV 97 106 91 102 
CCV 104 103 100 100 
CCV 99 102 96 100 
CCV 95 99 93 101 
CCV 95 97 93 98 
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Table 15-B. Statistical summary of CCV. As, Cu and Zn are within the 10% margin of error for mean. One low lead 
sample skews lowers the mean but the median is still within 10%.  
 
CCV     
n=15 As Cu Pb Zn 
Measured/Nominal 
Concentration (%) 
% % % % 
Mean 91.26 93.95 86.36 90.93 
Median 96.68 100.48 92.19 96.77 
Range 105.19 104.13 99.42 101.20 
Standard Deviation 24.99 25.37 23.48 24.39 
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Table 16-B. ICP6 is a standard reference material used for calibration. 
 
IPC6         
n=15      
Sample ID As Cu Pb Zn 
Measured/Nominal 
Concentration (%) 
% % % % 
IPC6 105 99 98 98 
IPC6 104 104 99 103 
IPC6 106 106 100 105 
IPC6 103 107 98 108 
IPC6 108 100 100 98 
IPC6 110 102 99 98 
IPC6 107 101 98 98 
IPC6 106 103 97 101 
IPC6 105 103 97 103 
IPC6 103 105 96 104 
IPC6 101 104 95 107 
IPC6 108 102 103 104 
IPC6 105 101 101 105 
IPC6 102 100 98 104 
IPC6 98 97 95 103 
 
Table 17-B. Statistical summary of IPC6 concentrations. Mean sample concentration for all metals was within 10%.  
IPC6         
n=15 As Cu Pb Zn 
Measured/Nominal 
Concentration (%) 
% % % % 
Mean 105.0 102.0 98.0 103.0 
Median 105.0 102.0 98.0 103.0 
Range 12.0 10.0 9.0 10.0 
Standard Deviation 3.0 2.6 2.3 3.3 
 
 
Standard Reference Material 
 
Standard reference materials are used because instruments need to be calibrated to the material of 
interest. Recovery of NIST2710 demonstrated a low bias, likely due to the age of this standard 
reference material.  
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Table 18-B. NIST2710 is a standard reference material used with contaminated soil samples to test the sensitivity of the 
instrument.  
NIST2710 As Cu Pb Zn 
n=5 mg/kg mg/kg mg/kg mg/kg 
Nominal Conc. (mg/kg) 626 2950 5532 6952 
Range (mg/kg) 563 2851 4484 5431 
NIST2710 574 3131 4643 6141 
NIST2710 571 2916 4291 5364 
NIST2710 575 3051 4379 5775 
NIST2710 575 2907 4527 5763 
NIST2710 575 2907 4527 5763 
 
Table 19-B. Statistical summary of NIST2710 runs.  Low bias may be due to the age of the standard reference material. 
NIST 2710 As Cu Pb Zn 
n=12 mg/kg mg/kg mg/kg mg/kg 
Nominal Conc. (mg/kg) 626 2950 5532 6952 
Range (mg/kg) 38 130 80 91 
mean 571.6 2971.2 4465.1 5694.8 
median 574.0 2916.5 4484.5 5763.0 
minimum 563.0 2851.1 4291.5 5363.5 
maximum 575.0 3130.7 4642.9 6141.1 
range 12.0 279.6 351.5 777.5 
standard deviation 5.0 115.4 135.4 312.1 
mean - nominal conc. -54.4 21.2 -1066.9 -1257.2 
median - nominal 
concentration 
-52.0 -33.5 -1047.5 -1189.0 
bias low bias low bias low bias low bias 
precision 2.0 1.6 1.4 0.9 
accuracy (%) 8.3 1.1 18.9 17.1 
 
Duplicates 
 
To determine the error in measurement, duplicates are run at different times in the analysis. The 
concentrations are then compared to evaluate the difference between samples and determine 
duplicate difference. Lab and method duplicates average measured to nominal concentrations 
were within 10%.  
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Table 20-B. Laboratory duplicates are run to assess instrument sensitivity and drift over the course of metal analysis.  
 
Laboratory Duplicates     
n=9 As Cu Pb Zn 
Measured/Nominal 
Concentration  
% % % % 
LDUP1 2.8 2.2 0.3 1.9 
LDUP2 11.0 0.9 4.1 2.3 
LDUP3 3.5 3.8 3.4 4.1 
LDUP4 4.1 4.0 3.8 1.8 
LDUP5 11.0 1.6 1.3 0.7 
LDUP6 15.3 0.9 1.5 2.4 
LDUP7 1.4 0.8 2.1 3.6 
LDUP8 1.1 0.7 0.6 2.2 
LDUP9 1.2 2.3 0.7 1.4 
 
 
Table 21-B. Statistical analysis of laboratory duplicates. Duplicates were fairly accurate, all within 10%.  
 
 
Laboratory Duplicates     
n=9 As Cu Pb Zn 
Measured/Nominal Concentration % % % % 
Mean of Duplicate Difference 5.7 1.9 2.0 2.3 
Median of Duplicate Difference 3.5 1.6 1.5 2.2 
Range of Duplicate Difference 14.2 3.3 3.8 3.4 
Standard Deviation 5.3 1.3 1.5 1.1 
 
Table 22-B. Method duplicates ensure that methods do not dictate sample results.  
 
Method Duplicates     
n=4 As Cu Pb Zn 
Measured/Nominal 
Concentration  
% % % % 
MDUP1 8.5 10.5 6.1 5.7 
MDUP2 6.1 7.0 13.1 3.1 
MDUP3 1.2 6.0 7.6 5.8 
MDUP3 2.8 1.1 1.9 4.7 
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Table 23-B. Statistical summary of method duplicates demonstrate that the average duplicate difference was less than 
10%.  
 
Method Duplicates     
n=4 As Cu Pb Zn 
Measured/Nominal Concentration % % % % 
Mean of Duplicate Difference 4.63 6.17 7.18 4.83 
Median of Duplicate Difference 4.44 6.52 6.83 5.19 
Range of Duplicate Difference 7.29 9.33 11.23 2.72 
Standard Deviation 3.27 3.85 4.64 1.26 
 
 
 
Spikes 
 
Spikes are used to evaluate the sensitivity of instruments. The lead spikes were lower which is 
likely due to a weak lead standard. The more robust recovery of other metals indicates that our 
instruments captured spikes.  
 
Table 24-B. Spikes used to compare the accuracy and sensitivity of metal analysis.  
Laboratory Spikes     
n=11 As Cu Pb Zn 
Measured/Nominal 
Concentration 
% % % % 
Lspike 96.2 111.0 90.0 94.4 
Lspike 102 117.0 91.0 95.6 
Lspike 96.4 117.0 88.0 103.4 
Lspike 109.8 119.0 92.0 101.4 
Lspike 101.2 110.0 85.0 93.8 
Lspike 99.7 111.0 84.0 94.3 
Lspike 100.6 115.0 86.0 101.3 
Lspike 84.5 101.0 24.0 91.3 
Lspike 95.0 103.0 85.0 90.1 
Lspike 88.6 101.0 82.0 88.4 
Lspike 89.4 100.0 82.0 91.2 
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Table 25-B. Statistical summary of laboratory spikes. Average measured to nominal concentration for lead is low.  
 
Laboratory Spikes     
n=11 As Cu Pb Zn 
Measured/Nominal 
Concentration 
% % % % 
average 96.6 109.6 80.8 95.0 
median 96.4 111.2 85.4 94.3 
range 25.3 19.5 68.7 15.0 
variance 7.2 7.2 19.3 5.0 
 
Table 26-B. Method spikes test sample processing procedures and sensitivity of these methods to higher metal 
concentrations.  
Method Spikes     
n=8 As Cu Pb Zn 
Measured/Nominal 
Concentration 
% % % % 
Spike Recovery (%) 91 102 84 85 
Spike Recovery (%) 98 115 90 97 
Spike Recovery (%) 97 113 86 98 
Spike Recovery (%) 84 95 78 83 
Spike Recovery (%) 94 116 87 103 
Spike Recovery (%) 95 105 80 87 
Spike Recovery (%) 93 109 81 95 
Spike Recovery (%) 98 107 87 94 
 
Table 27-B. Statistical summary of method spikes.  
 
Method Spikes     
n=4 As Cu Pb Zn 
Measured/Nominal 
Concentration 
% % % % 
average 93.8 107.8 83.9 92.8 
median 94.5 108.1 84.9 94.6 
range 14.4 20.2 12.0 20.6 
standard deviation 4.8 6.9 4.1 7.2 
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Metal Analysis Procedure Details 
 
1. Dry sediment sample 
2. Separate fine sediment 
3. Grind sample in zirconium containers in ball mill for 5 minutes.  
4. Weigh and transfer a 0.4 gram (+/- 0.5% or 0.398-0.402 g) to the polypropylene 
digestion vessel.  
5. Add 4 mL of a (1:2) solution of TMG Nitric acid + Milli-Q water and swirl.  Cover 
with reflux cap and heat the sample in the Hot Block at 95°C for 15 minutes without 
boiling.   
6. After the sample is cool add 4 ml conc. TMG Nitric Acid.  Then reflux at 95°C for 30 
minutes. This step is repeated until no brown fumes appear when TMG Nitric Acid is 
added. 
7. Heat sample with the ribbed watchglass for an additional 1.5 hours.  
8. After the sample is completely cool. Cool completely.  Add 2 to 5 mL Milli-Q and 
0.4 mL of 30% H2O2 slowly. After 5 to10 minutes and place the sample back in the 
Hot Block.  
9. Continue to add 0.4 mL of H2O2 until the sample remains unchanged in color.  
Continue heating for a total of 2 hours. 
10. After cooling, dilute to 40 mL with Milli-Q, cap and shake the vials, and allow 
samples to settle overnight.  After settling, use the Filtermate for sample filtration.  
11. Place sample in ICP vessel.  
12. Calibrate ICP 
13. Run samples with all associated quality control and assurance as dictated by EPA 
Method 3050B  
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C. Hydraulic and Sediment Transport Modeling  
 
My study investigated the spatial and temporal variation of fine sediment infiltration using field 
data from low flows. Flow over the course of the hydrograph dictates bed mobility, alters flow 
dynamics and dictates deviations in sediment routing, important controls on FSI. Combining 
field efforts with modeled shear stress and flow divergence at high flows would aid 
understanding of process linkages between areas of FSI and quantifiable flow dynamic metrics.  
Further, modeling would increase the applicability for restoration managers by providing metrics 
that could be modeled prior to flows of interest, possibly allowing for mitigation efforts. As 
discussed above, my study evaluates the residence time of fine sediment, substrate reworking, 
and the role of depositional settings on FSI. Information on spatial variations in flood hydraulics 
in my field site would provide further insights. For these reasons, I attempted to hydraulically 
model the field site; this appendix reports progress on that effort. I used a two-dimensional 
graphical user interface program that can be used to identify bed sediment mobility and flow 
divergence at different flows (Kinzel et al., 2007). 
 
The International River Interface Cooperative (IRIC) formerly the Multi-Dimensional Surface 
Water Modeling System (MD_SWMS) designed by the United States Geologic Survey 
Geomorphology and Sediment Transport is a tool and framework to investigate flow and 
sediment transport (Nelson, 1996). This graphical user interface hosts a number of models. The 
Flow and Sediment Transport with Morphological Evolution of Channels (FaSTMECH) is 
appropriate for our study as a quasi-three dimensional model that incorporates secondary flow 
components that are associated with curvature and important to modeling the complex field site. 
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Model assumptions are that flow is incompressible, hydrostatic and quasi-steady state (Nelson et 
al., 2003). Discharge variations are ignored in the equations of conservation of momentum. Flow 
is instead approximated by a series of steady state solutions at different discharges. Vertically 
averaged equations of mass and momentum are solved on a curvilinear orthogonal coordinate 
system, fitted to the channel around a user-designated centerline (Nelson et al., 2003).  There are 
two stages to the modeling in the FASTMECH model. The first involves using shallow water 
equations to calculate the vertical structure of streamlines and the cross streamline components 
for velocity and bed shear stress.  Closure for the first stage of modeling is dependent upon shear 
dictated by user input drag coefficients. The second component of the model calculates 
secondary flow structures integrating Reynolds shear stress and velocity components around 
averaged streamline velocities calculated in the first step. Modification of bottom stress due to 
secondary flows is then incorporated into flow dynamics over time-steps and iterations. The 
model enables the spatially distributed calculation of velocity and bed shear stress. Using these 
characteristics, I would identify areas of the bed that have been reworked at different discharges.  
 
Over an approximately 1-km study reach that encompasses the data collection sites described 
above, topography was characterized using a combination of LiDAR and GPS data. Bathymetry 
and in-channel features were surveyed with survey-grade Trimble GPS, Leica Total Stations, and 
deeper bathymetric data was collected with an OHMEX Sonarmite V3 echo sounder. A digital 
elevation model (DEM) was created using ArcMap to transform data and input x,y,z data (Fig. 1) 
into IRIC to create a mesh of curvilinear orthogonal grids. Hobo transducers installed at three 
locations along the study reach provided stage data, both as a downstream boundary condition 
and for model verification elsewhere in the reach.  
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Table 28-C. Summary of the data and user inputs for IRIC FaSTMECH model.  
Data Inputs User Inputs 
Topography Centerline 
Discharge Grid Spacing 
Stage Lateral Eddy Viscosity 
Water Elevation Drag Coefficient 
 Roughness 
 Parameters (Iterations and Relaxation) 
 
 
A suggestion for model closure is to start and end with a single-thread channel. To do so within 
my field area, flow must be routed through up to four threads in one cross-section (Fig 2). 
Surveying the modeled area was labor intensive and survey grade measurements were difficult to 
obtain in many areas. Additionally, topographic inputs are uncertain in many areas of the river 
where doing repeat bathymetry was difficult. Legleiter et al. (2007) found modeled depth, 
velocity and shear stress varied considerably as a function of uncertain topographic inputs. 
Model closure was achieved for the 2010 peak flow (Fig. 2), but results require further 
evaluation before being used to draw inferences about FSI. Legleiter et al. (2007) suggest that 
uncertain topographic inputs altered model findings less at higher discharges.  
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Figure 19-C. Topography input used for peak flow 2010 run, water flows right to left. Note uncertain topography in the 
first quarter of the modeled reach.  
 
Figure 20-C. Preliminary results for the modeled 2010 peak velocity profile are shown on an aerial photo.   
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